Abstract: Recruitment of mesenchymal stromal cells (MSC) into the field of tissue engineering is a promising development since these cells can be expanded ex vivo to clinically relevant numbers and, after expansion, retain their ability to differentiate into various cell lineages. Safety requirements and the necessity to obtain high cell numbers without frequent subcultivation of cells raised the question of the possibility of expanding MSC in one-way (single-use) disposable bioreactors. In this study, umbilical cord-derived MSC (UC-MSC) were expanded in a disposable Z ® RP 2000 H bioreactor under dynamic conditions. Z ® RP was characterized regarding residence time and mixing in order to evaluate the optimal bioreactor settings, enabling optimal mass transfer in the absence of shear stress, allowing an reproducible expansion of MSC, while maintaining their stemness properties. Culture of the UC-MSC in disposable Z ® RP 2000 H bioreactor resulted in a reproducible 8-fold increase of cell numbers after 5 days. Cells were shown to maintain specific MSC surface marker expression as well as trilineage differentiation potential and lack stress-induced premature senescence.
Introduction
Almost four hundred clinical trials [1] recruiting mesenchymal stem cells (MSC) for the treatment of several diseases such as spinal cord injuries, burns, liver cirrhosis or failure, graft versus host disease, diabetes mellitus, progressive multiple sclerosis and cardiac ischemia are being carried out at the moment. For each treatment, millions of cells are required and optimal expansion methods can help in obtaining MSC of good quality within a short period of time, enhancing chances for treatment optimization and patient survival. The expansion of MSC in bioreactors is a promising development for the future application of MSC in cell-based therapies and tissue engineering. There are numerous types of bioreactors used to expand adherent anchorage-dependent cells including MSC (e.g., WAVE-bioreactor, GE Healthcare, PluriX TM 3D bioreactor, Pluristem and Quantum bioreactor, TerumoBCT) [2] [3] [4] [5] . Dynamic cultivation conditions have several advantages in comparison to static cell expansion. First of all, cultivation in a closed system without the need to manually change the culture medium in a clean bench significantly reduces the risk of possible contamination; Second, the control of all parameters of culture together with continuous documentation using IT systems makes it possible to assure the quality of cells and to avoid human errors; Third, dynamic cultivation systems like bioreactors provide active mass transfer, supplying MSC with gases and nutrients while removing toxic metabolites; Last but not least, there is the argument of production costs -which can be a major obstacle to the spread of MSC clinical applications [6] [7] [8] . MSC are anchorage-dependant cells, which cannot be expanded in suspension culture. Several techniques including cultivation on microcarriers, three-dimensional matrix and conventional cell culture plastic surfaces (cell factories) were developed over the past few years. These techniques may allow obtaining the necessary cell numbers without manual cultivation of MSC, reducing the risk of bacterial and fungal contamination as well as cross-contamination. Additionally, continuous on-line monitoring and control of important cultivation parameters like pH, temperature, oxygen, CO 2 and metabolite concentrations help to provide the optimal growth conditions for the cells and assure reproducible cell expansion [9] [10] [11] . Many publications have been issued on that subject reporting a large number of reactor modifications, a wide variety of tissue function as well as biomaterial properties. Bioreactor systems target a reliable and efficient procedure, enabling highly reproducible, automated and controlled process compatible with good manufacturing practice (GMP) requirements [7, 12, 13] . A new approach in the expansion of adherent MSC is provided by Zellwerk GmbH (Oberkraemer, Germany), where cells are cultivated on rotating stalked polycarbonate cell carrier slides (Figure 1 ). The Z ® RP 2000 H bioreactor is connected to the pH and pO 2 sensor electrodes, which are integrated into the tubing system. Besides cell culture medium mixing via rotation, medium is also constantly circulating via a tubing system, where feed-and waste-flasks are connected, making it possible to culture cells in fed-batch or perfusion modus. Disposable Z ® RP 2000 H bioreactor provides a surface of 2000 cm 2 for cell growth, while Z ® RP 8000 H offers 8000 cm 2 . Cultivation of cells is performed in a GMP-breeder under fully automated control with documentation. According to the manufacturers data, MSC in a Z ® RP 8000 H system can be expanded in 9 days to 400 million cells [14] . (drawings adopted and modified from manufacturers manual and [14] ).
Overcoming nutrient limitation is an important factor in all existing bioreactor systems. In vivo cells benefit from blood vessels being located in most tissues within a distance of 100-200 µm from capillaries. Furthermore, MSC are suggested to be associated with blood vessels in vivo [15, 16] , and consequently are not subjected to major nutrient limitation in their niche. Under conventional, static culture conditions mass transport is controlled by diffusion, being insufficient for high cell densities and high medium volumes [13] . On the other hand, fluid flow induces shear stress to which MSC are very sensitive, responding with biochemical cascades resulting in phenotype chances [17] . Thus, mechanical stimuli play a crucial role in differentiation of MSC, often targeted when bone or cartilage tissue constructs for implantation need to be obtained. On the contrary, these are undesired effects in MSC expansion when undifferentiated cells are requested. It is therefore important to estimate mixing profiles within the bioreactor and possible resulting shear stress prior to bioreactor approval. This work was aimed to characterize the ZRP 2000 H bioreactor as a first step towards comparability and a future scale-up system for MSC expansion in vitro.
We analyzed residence time distribution under different operation conditions, obtaining the Bodenstein number as a dimensional parameter, describing mixing properties within the system. Umbilical cord derived MSC (UC-MSC) were expanded over 5 days without subcultivation in the Z ® RP 2000 H bioreactor, whereafter the yield and quality of the expanded cells were studied.
Experimental Section

Z ® RP Platform
The Z ® RP platform consists of the bioreactor, a GMP-conform breeder and an external control unit. The Z ® RP 2000 H bioreactor (Figure 1c ) is a disposable rotating bed bioreactor that is working in perfusion mode. The core of the bioreactor is the rotating bed, which consists of polycarbonate cell carrier slides with total surface area 2000 cm 2 . The polycarbonate slides are fixed to a vertical shaft, which is rotated by a non-contact magnetic drive. During culture, bioreactor was placed in a GMP conform breeder. The breeder was thermostated and working as a laminar flow hood allowing manipulations of the bioreactor in a sterile working environment. All process parameters including feeding rate, gassing and rotational speed were monitored and regulated by an external control unit. The temperature within the bioreactor and the breeder as well as the pH-value and oxygen content were controlled by sensor electrodes. pH-value was regulated by overlay gassing with carbon dioxide or air.
Residence Time Distribution
Residence time distribution was determined using an approximation of Dirac pulse. The Dirac pulse was approximated by adding the tracer substance methylene blue into the bioreactor in a time frame of 5 s, which results in a slope of about 2 × E(θ). The tracer substance was injected into the bioreactor through an upper injection port. At the beginning of the Dirac pulse the reactor bed disks were oriented horizontally to simulate conditions for residence time distribution like in cell expansion experiments. When starting reactor bed rotation during cell expansion, reactor bed disks were also oriented horizontally, due to cell seeding. Dirac pulse was performed with 200 µL methylene blue (15 mg/mL) for a filled and with 120 µL methylene blue for a half-filled bioreactor, respectively. During the measurement H 2 O was pumped through the bioreactor with a pump rate of 2 mL/min utilizing a peristaltic pump. The concentration gradient of the tracer was measured photometrically at 664 nm. Residence time distribution was determined for different reactor volumes (120 mL, 70 mL) and for different rotation speeds of the bioreactor bed (0.25 rotations per minute (rpm), 0.5 rpm, 1 rpm).
Cumulative Residence Time Function
Cumulative residence time function was determined performing a displacement measurement. The bioreactor was filled with H 2 O and the tracer substance methylene blue (25 µg/L) was pumped continuously through the bioreactor with a pump rate of 2 mL/min. The concentration gradient of the tracer was measured photometrically at 664 nm. Residence time distribution was determined for different reactor volumes (120 mL, 70 mL) and for different rotation speeds of the bioreactor bed (0.25 rpm, 0.5 rpm, 1 rpm).
Cell Culture
Human MSC were isolated from the umbilical cords of three different term-deliveries (38-40 weeks) by Cesarean section. All patients delivered their informed consent, as approved by the Institutional Review Board, project #3037 on 17 June 2006 and in an extended permission #443 on 26 February 2009. The isolated populations were extensively characterized as mesenchymal stem cells by surface marker analysis and functional properties [18] . MSC were expanded and cryopreserved until the start of the experiment as described. After thawing, the cells were expanded over two passages. Experiments were performed with cells of passages 3 to 7. Cells were cultivated in αMEM containing 1 g/L glucose (Biochrom, Berlin, Germany), 10% human serum (provided by the Division of Transfusion Medicine, Medical University Hanover, Hanover, Germany) and 50 µg/ml gentamicin (PAA Laboratories GmbH, Pasching, Germany) in a humidified atmosphere containing 5% CO 2 and 21% O 2 at 37
• C (Incubators:
Thermo scientific, Hanau, Germany).
Expansion of UC-MSC in the Z ® RP 2000 H Bioreactor
For the expansion in the Z ® RP 2000 H bioreactor, frozen UC-MSC were first revitalized and subsequently cultured over two passages in αMEM (Biochrom, Germany) supplemented with 10% human serum (Division of Transfusion Medicine, Medical University Hanover, Germany) and 0.5% gentamycin (PAA Laboratories GmbH, Pasching, Germany) in T-flasks and then seeded at cell density 1500 cells/cm 2 (total cell number 3 × 10 6 cells; 1.2 × 10 4 cells/mL). Cells were seeded on both sides of polycarbonate cell carrier slides and incubated for 24 h for cell attachment on each side, respectively. For each seeding and attachment period, the rotation bed was stopped resulting in a horizontal position of the carrier slides. Afterwards, the bioreactor was filled with cell suspension (125 mL αMEM supplemented with 10% human serum and 0.5% gentamicin, 37
• C). After attachment of the cells on both sides of the slides for 24 h, respectively, bed rotation and medium circulation were started. Medium circulation was set at 0.1 mL/min, bed rotation at 0.1 rpm. Feeding rate with fresh cell culture medium was set to the intermitted mode (starting with 2%) and increased each day depending on glucose consumption and lactate production. Breeder temperature was set at 37
• C. The overlay gas mixture consisted of 95% air and 5% CO 2 . In total, three cultivations under the same conditions were performed. Cell culture media from the bioreactor was sampled once a day with the help of a syringe via a septum installed on the bioreactor.
Cell Number, Population Doublings and Doubling Time
After 5 days of expansion, cells were harvested by treatment with accutase (PAA Laboratories GmbH). First of all, the cell culture medium was removed from the bioreactor with the help of the pump, then the bioreactor was filled with warm (37
• C) PBS, bed rotation was switched on and cells were washed for 5 min. After washing, PBS was removed, the bioreactor was filled with 80 mL accutase (37 • C), and bed rotation was switched on for the next 20 min. After incubation with accutase, the harvested cells were collected in falcon-tubes and centrifuged for 15 min at 300× g. Cell pellets
were resuspended in fresh αMEM and cell numbers were estimated by counting in a haemocytometer. Population doublings were calculated according to:
where N d is the number of population doublings during a ∆t period of time, x 0 is the number of living cells at time t = 0, and x is the number of living cells at time t (end of cultivation). Population doubling time T d was calculated according to:
Cell Differentiation
After expansion in the Z ® RP 2000 H bioreactor, UC-MSC were seeded on two-dimensional fibronectin surfaces (Corning, Berlin, Germany) with cell densities of about 3000 cell/cm 2 .
Subsequently, UC-MSC were cultivated in DMEM containing 1 g/L glucose (Sigma-Aldrich, Munich, Germany), 10% human serum (provided by the Division of Transfusion Medicine, Medical University Hannover, Germany) and 50 µg/mL gentamicin (PAA Laboratories GmbH, Pasching, Germany) for 4 days. Afterwards UC-MSC were cultivated for three weeks in NH AdipoDiff Medium, NH ChondroDiff Medium and NH OsteoDiff Medium (Miltenyi Biotech, Bergisch Gladbach, Germany), supplemented with 50 µg/mL gentamicin. Medium was changed every second day.
Histological Stainings
Cell fixation: Cells were fixed with 600 µL paraformaldehyde (4% in PBS) for 30 min at 4
• C.
BODIPY staining: The fixed cell layer was covered with 300 µL of BODIPY solution (5 µM in PBS) (Invitrogen, Darmstadt, Germany). Samples were incubated for 5 min in the dark and thereafter staining solution removed. The fluorescence was detected at an excitation wavelength of 485 nm and an emission wavelength of 535 nm. Alcian Blue staining: The fixed cell layer was incubated for 3 min in 700 µL acidic acid (3%) and subsequently covered with 700 µL Alcianblue 8G solution (Sigma Aldrich, Munich, Germany). Samples were incubated for 30 min at room temperature and thereafter washed with acidic acid (3%). Pictures were taken at a light microscope (Olympus, Tokyo, Japan). Calcein staining: The fixed cell layer was covered with 500 µL of calcein solution (5 µg/mL in ddH 2 O) (Sigma Aldrich, Munich, Germany). Samples were incubated overnight at 4
• C and thereafter washed extensively with distilled water. The fluorescence of the bounded calcein was detected at an excitation wavelength of 485 nm and an emission wavelength of 535 nm.
Glucose and Consumption and Lactate Production
The concentration of glucose and lactate in the medium was measured using an YSI 2700 SELECT analyzer (YSI Inc., Yellow Springs, OH, USA).
Senescence-Associated β-Galactosidase Staining
Cell senescence was estimated with the use of the Senescence β-Galactosidase Staining Kit (Cell Signaling Technology, Danvers, MA, USA) in accordance to the manufacturer's instructions. For the staining, harvested cells were seeded at a density of 6000 cells/cm 2 for 48 h, then washed with PBS, fixed with the fixation solution from the kit. Senescence-associated β-galactosidase (SA-β-gal) staining was performed overnight at 37 • C. Counterstaining was performed with DAPI (Roth GmbH & Co. KG, Karlsruhe, Germany).
Flow Cytometric Analysis of Surface Antigen Expression
UC-MSC were harvested by accutase treatment, washed twice in a cold blocking buffer and resuspended to a concentration of 10 6 cells per mL. Specific antibody-staining was performed by adding 20 µL of prediluted staining solution (BD Biosciences, Heidelberg, Germany) to 100 µL of cell suspension as described earlier [19] . Cells stained with matched isotype control antibodies served as a negative control. After 20 min incubation at room temperature in the dark, 400 µL of blocking buffer were added and cells were analyzed in an EPICS XL/MCL flow cytometer (Beckman Coulter, Krefeld, Germany). At least, 10,000 gated events were acquired on a LOG fluorescence scale. Generated data were analyzed using the program WinMDI 2.8.
Results and Discussion
Residence Time
Residence time is an important parameter, providing information about homogeneity of the liquid phase within the bioreactor. Residence time distribution (RTD) as well as average residence time were therefore considered. We characterized the RTD in the reactor by conducting a series of washout experiments (Dirac pulse experiments). We considered grade of filling of the bioreactor with liquid as well as rotation speed of the reactor bed to have an influence on the residence time and backmixing within the bioreactor. We therefore achieved characterization of a half-filled reactor (70 mL) and filled bioreactor (120 mL, which is nearly the maximum volume for Z ® RP 2000H) (see Figure 2) . Rotation was set at 0.25, 0.5 and 1 rpm since these rotation speeds were considered for the later cell culture. Data obtained were compared to the hydrodynamic residence time (τ ) (indicating perfectly mixed phase, the ideal condition in case of continuous stirred tank reactor (CSTR)).
where V R is the reactor volume (medium volume) and Q the volume flow. The RTD (E(t)) is obtained from these experimental data by normalization.
where C t represents the concentration of the tracer, C 0 the initial concentration of the tracer and t the time. To obtain dimensionless functions the dimensionless time θ is used according to:
The mean residence time (t m ) was calculated by integrating the RTD as follows:
The variance σ 2 of the standard deviation of the RTD is calculated using:
The magnitude of this 2nd moment is an indication of the spread of the RTD. RTD is integrated, resulting in the non-dimensional function F(t) from which mean residence time and the variance can also be deduced (see Figure 3) . Additionally, step experiments (Heaviside) for the operation modes were achieved, showing the same results as obtained from integrated pulse response (data not shown).
Mean residence time t m obtained from the experimental data is plotted as a function of reactor bed rotation speed (rpm) for both reactor filling (volumes) in Figure 4 . Hydrodynamic residence time τ was calculated according to Equation (3) and additionally plotted for comparison purposes. Hydrodynamic residence time represents the ideal back mixing in the CSTR, which is a desirable condition for cell culture. Regarding high filling volumes (120 mL) and low rotation speed, it is noticeable that the t m is higher than for the ideal reactor. Here we see that t m decreases with increasing rpm until a constant value is reached. t m obtained at higher rotation speeds more match the hydrodynamic values. This indicates a less complete mixing for low rotation speeds. There are no such effects visible for the half filled reactor (70 mL), indicating a more complete mixing at low rotation speeds. However, these data indicate a very uniform concentration distribution throughout the reactor and data match the ideal CSTR. Results from the washout experiments suggest that the liquid phase in the reactor could be considered homogeneous under normal operation conditions. For further analysis of the reactor the dissolved substrate/product concentrations in the liquid phase can hence be assumed to be uniform throughout the reactor. 
Bodenstein Number
To further confirm the results obtained from the residence time analysis and examine back mixing properties within the bioreactor, Bodenstein number (Bo) was determined for the operation conditions. Bo is a parameter that measures the extent of axial dispersion. It is inversely proportional to the axial dispersion coefficient. When Bo approaches zero, there is an intense axial dispersion, then the mixed flow prevails. When Bo reaches infinity the flow has negligible axial dispersion, hence becomes plug flow. For MSC culture a low value for Bodenstein number is desirable since an appropriate back mixing is required for nutrient supply of the cells.
Bo was determined according to;
with σ non-dimensional variance of residence time distribution. Results are shown in Figure 5 . For all examined operation conditions Bo is below 4, indicating a high back mixing within the bioreactor. The lower the filling volume and the higher the rotation speed, the higher the back mixing. A boundary value of 7 is used in practice to distinguish between CSTR and PFR type [20] . With Bo < 4 the ZRP 2000 H reactor can be classified as CSTR for all operation conditions. The CSTR type favorable over the PFR type for MSC culture, since it allows mass transfer and thus homogenous nutrient supply to the cells. The results obtained by Bodenstein number calculation revealed that even operating with a fully filled (120 mL) bioreactor at the lowest rotation speed (0.1 rpm) provides sufficient back mixing. Since MSC are sensitive to shear stress and can react to the mechanical stimulation with unwanted spontaneous differentiation, 120 mL filling volume and 0.1 rpm rotation speed were chosen for expansion experiments. 
Cell Expansion in the Z ® RP 2000 H Bioreactor
The total cell number at the end of the dynamic cultivation was 24.6 ± 2.4 × 10 6 cells and 8.2 ± 0.8-fold expansion. Population doubling time was 39.6 ± 1.8 h (in static cultivation 31 h) and the total population doublings were 3.03 ± 0.14. Differentiation potential of UC-MSC was analyzed, after expansion in the Z ® RP 2000 H bioreactor. Therefore, cells were cultured after expansion on a two-dimensional fibronectin surface. Collected UC-MSC retained their differentiation capacity towards chondrogenic, adipogenic and osteogenic lineages (see Figure 6 ). Total glucose consumption and lactate production was increased during cultivation, reaching 157.3 ± 40.7 mg per day for glucose and 133.0 ± 11.6 mg per day for lactate at day 5 ( Figure 7 ). 
Cellular Senescence after Expansion in Z ® RP 2000 H Bioreactor
The appearance of senescence during short-term expansion is a sign of non-optimal culture conditions, since senescence is one of the responses of the cells to stress (stress-induced premature senescence) [21] . No expression of β-galactosidase and, consequently, no cellular senescence was detected. Moreover, high proportions of cells undergoing cell division (arrows) could be observed, indicating that UC-MSC expanded in the bioreactor did not lose their mitotic activity (Figure 8 ). 
H Bioreactor
After expansion in the Z ® RP 2000 H bioreactor, UC-MSC were harvested and analyzed by flow cytometry after staining with FITC-or PE-conjugated antibodies against CD31, CD34, CD44, CD45, CD73, CD90, CD105 and isotype control immunoglobulins. Flow cytometric analysis of UC-MSC showed that they were negative for hematopoietic (CD34, CD45) and endothelial (CD31) markers and were strongly positive for specific immunophenotypic MSC markers (CD44, CD73, CD90 and CD105) ( Table 1) . 
Conclusions
Characterization of the Z ® RP bioreactor 2000 H showed that for the purpose of shear stress reduced expansion of MSC it is optimal to cultivate with a completely filled bioreactor chamber and a slow rotation speed. The bioreactor provides properties, comparable to an ideal continuous stirred tank reactor offering beneficial mixing properties and therewith sufficient nutrient supply. The results demonstrate the dynamic cultivation of UC-MSC under these optimized conditions, showing that this system is suitable for UC-MSC expansion, providing high cell yields. Cells obtained from dynamic cultivation demonstrate high quality, maintaining MSC morphology, differentiation potential, mitotic activity as well as MSC surface marker expression. This reproducible cultivation process, offering a controllable environment, has high potential for MSC expansion for future clinical applications.
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